1 1 mRNA folding score for each gene where numerator and denominator are the arithmetic mean of the 1 2 probabilities of nucleotides being in the paired and unpaired conditions. As the numerator represents the 1 3 paired state so, higher the folding score, greater the fraction of paired sites in the mRNA, consequently 1 4 stronger is the overall folding of the mRNA. The folding score ranges from 0.4 to 2.4 in our dataset.
5
The second approach to predict the folding free energies of the sequences we used the RNAfold attribute the assumption that the secondary structure of an mRNA is determined by the minimum free energy 33 . As 1 9
long range interactions are scarce 34, 35 and computationally demanding 36 . We estimated the local folding 2 0 energies of the ORFS by taking the sliding windows of 40 nucleotides with a step size of 1 nucleotide 13 .
1
Specifically, mean predicted local folding energies reported in this paper are calculated for the entire 2 2 transcript of each gene. Two types of computationally generated mutated genome of Saccharomyces cerevisiae were generated by 2 8
using two in-house PERL scripts. Firstly, we incorporated different codon composition with fixed codon 2 9
usage from 20 codons for all the 20 amino-acids to all 61 codons for 20 amino-acids (i.e. 20, 30, 40, 50 & 3 0 61) with different levels of nucleotide contents (AT-rich, when at least two of the three nucleotides are Secondly, by using another PERL script, we randomly shuffled the synonymous codons within the mRNA, 1 keeping the ENC same as the native form. For each mRNA, we made one hundred such random 2 synonymous codon substituted combinations and calculated the mRNA stability. To derive mRNA folding 3 score here, we implemented the similar method as above. For each window size of 40bp used in 4 calculating the folding free energy, every base was monitored in it of being in a paired and unpaired state.
5
We considered 0.65 as the cut-off value of pairing probabilities for each nucleotide. Nucleotide bases 6 having values greater than or equal to 0.65 was considered as 'paired' and below it was included in the 7 unpaired state. We have also used a more stringent cut-off value (0.80) for the same analysis. 
Results and Discussion:
1 6
The relationship between mRNA stability and mRNA expression level:
1 7
The stability of messenger RNA throughout this study refers to the structural integrity of this biomolecule 1 8
and not to be confused with its half-life or degradation rate 12, 13, 16, 21, 37 . We calculated the stability of 1 9 mRNAs using two approaches. Firstly, as a mRNA is a stretch of ribonucleotides with many secondary integrity is represented as mRNA folding score and is used as a measurement of mRNA stability 2,30 .
2
Secondly, at the molecular level, the stability of any molecule can be calculated using its free energy 2 3
(∆G) 37 , where a lower ∆ G represents higher stability of that molecule. Hence, for a more precise 2 4 measurement, the mRNA folding free energy was also used independently to assess the structural stability 2 5 of the Saccharomyces cerevisiae mRNAs. We obtained the mRNA expression level (mRNA abundance) increases. Additionally, as the stability of an mRNA is dependent on its structural features, i.e., the 3 4 ribonucleotides sequences, any change to this sequence is likely to alter the structure and the stability. As 3 5
we know that there are many different codon composition that encodes for the same amino acids 3 6 (synonymous codons), the structural stability of an mRNA may be affected by differential use of codon, 3 7
without any alteration to its encoded protein sequence. Therefore, for mRNAs that encode for same protein 3 8 7 but are structurally different the mRNA expression levels may differ. Now, as we know that the 1 preferential use synonymous codon is described as codon usage bias, such bias may cause alteration in 2 mRNA stability as well as its expression level. 3
Relationship between mRNA stability and codon usage bias:
4 Studies done earlier have shown that genes with higher expression levels show biased usage of codons 12,38 .
5
So, we tried to find any relationship between codon usage bias and mRNA stability, as mRNA stability and 6 its expression level hold a significant positive correlation. We used the effective number of codons to with the folding score, ENC exhibits a significant negative correlation (ρ= -0.329; P=1.574×10 -76 ; 1 3 n=2994), both indicating an increase in mRNA stability for genes having higher CUB. Therefore, a biased 1 4
usage of codons may lead to mRNAs with higher structural stability that encodes for the same polypeptide 1 5 chain.
Manipulation of codon composition and its effect on mRNA expression level:
From the previous analyses, it is quite clear that genes that express at high levels possess high levels of 1 8 codon usage bias. To find out the influence of bias on the expression of all genes, we did the following 1 9 study. We grouped the usage of codons under being AT-rich, GC-rich, and moderately AT-GC-rich. For 2 0 each group, different numbers of codons were used ranging from 20(extremely biased) to 61(nil biased).
1
We hypothesize that if CUB is important for elevated gene expression, codon manipulation towards the mRNA. In the mutated condition when higher or lower levels of CUB were applied to the mRNAs, the 3 5
gene expression values (i.e., CAI) becomes decreased in either case (Table 3 , Supplementary table S1 ).
6
Here, we noticed that the average CAI for original sequences comes out to be 0.18 (Fig.1) . Whereas for all 3 7
other cases in mutational analysis be it a highly stable set of genome or all of the codons consumed 3 8 8 genome, the maximum average CAI amongst these categories comes to be 0.14 and minimum to be 0.07 1 (Fig.1) . Therefore, it can be concluded that the existing codon usage pattern helps to achieve its maximum 2 gene expression in yeast. Although biased usage of codons generally increases the gene expression, as 3 highly expressed genes have high codon usage bias, this is not the case here. We found that any deviation 4 from native codon usage may lead to reduced mRNA production (Table 3) , which will lead to reduced 5 production of proteins, as mRNA and protein expression have a strong positive correlation [(ρ=0.614; 6 P=1.0×10-6; n=4833) and (ρ=0.612; P=1.0×10-6; n=4374)]. Therefore, it is quite clear that the when the 7 system is forced to a more biased state, the expected increment in gene expression level does not happen, 8 and hence, the native state has the highest selective advantage for maximising the gene expression level. The levels of gene expression, stability of mRNA secondary structure and codon usage bias have 1 2
previously been shown to be strong predictors of translation levels and its associated attributes 12-14,16-18,21- structure's stability is preferred and with stability on board elevated gene expression level is favoured.
1 5
However, for a gene, the assimilated outcome of all these factors determines the gene expression levels 1 6
and subsequently translation levels, which in this context of discussion favours increased levels 13 .
However, we found that in such (both mRNA secondary structure stability and CUB is high) cases, gene 1 8 expression does not increase, instead it becomes negatively correlated with mRNA stability under the fixed 1 9
codon usage pattern ( Supplementary table S1 ). As, for a gene, there are numerous theoretically possible expression level. However, the stability of the mRNA is expected to vary, as with the change in the 2 5 position of trinucleotides, structural alterations to this mRNA are expected to happen. We did a for one hundred such randomly generated combinations, using both ∆ G and folding score as measurements 3 0 of mRNA stability (see Materials and Methods). We found that 5558 genes amongst 5859 showed the 3 1 highest stability for native sequences i.e. 94.863% of total genes in a genome (Z score=97.128; p<0.0001).
2
The result indicates the selection of stability for obtaining the apt mRNA abundance under the same ENC 3 3 (Fig.2) . This suggests that the native ENC values of the mRNAs helps to optimize the mRNA expression 3 4 level, and among all possible codon composition of an mRNA, the structure with the highest stability is the 3 5 native structure.
6
Therefore, our study suggests that it is not necessarily correct that in a system if codon usage bias is raised 3 7 even with high stability, the gene expression will be elevated. Rather, from the comparative analysis of 3 8 9 mutational and native genome sequences, it becomes clear that there is demand for meticulous codon 1 usage. If bias were the prime necessity then under the mutational study highly biased genome with high 2 stability of the secondary structures would have elevated gene expression level. And as mRNA abundance 3 holds a very strong positive relation with protein abundance in our datasets (ρ=0.614; P=1.0×10-6; 4 n=4833) and (ρ=0.612; P=1×10-6; n= 4374), it suggests that in this case (mutated genomes) there will be a 5 downfall in the protein abundance. This result points in the direction that here is a choice of proper codon 6 usage for appropriate mRNA stability, consequently contributing to mRNA expression and as well the 7 modulation and regulation of translation articulates consonantly.
8
The transcriptional domain is essential because if stability is affected, the ribosomal binding will be 9 affected and due to this, tRNA binding is also affected. Hence, translational rate and fidelity will be stability, as codon positions were also found to be optimized for maximising structural stability. Together, 1 3
these results indicate that the existing codon composition, rather than codon bias, is responsible for apt 1 4 gene expression; and the naturally occurring mRNA structure in such a codon composition holds the key to 1 5 maximum structural stability. From the correlation analysis, we have found that as the codon usage bias of the system increases, the 1 9 stability of secondary structure enhances. Combining equations (I) and (II) we find that Irrespective of the bias (ENC) mRNA abundance will always be proportional to RHS.
4
If we assume a genetic system (genome), whose ENC doesn't vary from one gene to another, then both 5 stability and mRNA abundance will have no variation with ENC (I) and (II). So, using (I), (II), (VI) and 6 (VII) it can be seen that under no variation of codon usage bias the gene expression level becomes 7 inversely proportional to folding free energy. Hence, as the stability of the folded secondary structure 8 increases the mRNA abundance will decrease. This is clear from the correlation analysis. But even under 9 this condition, the mRNA abundance did not cease.
1 0
Boolean expression combining ENC, mRNA stability, and mRNA abundance:
1 1
Looking at the correlations we find that under different conditions of bias and hence stability as well, the 1 2 mRNA abundance doesn't diminish to become nil, instead, lessens and behaves oppositely as compared to 1 3 native system.
4
As gene expression level is a coordinated outcome of both codon usage bias and mRNA stability we tried 1 5
expressing it as a Boolean expression. Making a truth table: see Table 4 2 1
As mRNA's presence and its stability are co-existent so forming the equation with it. The realization of the logic gate is represented in Fig.3 . The logical expression conveys that under all 2 4 conditions we will have mRNA production (Table 4 ). Which means that codon usage pattern of any 2 5 category (i.e. bias) and stability tends to produce mRNA, but its level is solely taken care by factor i.e.
6
codon optimization as presented in the previous bias study. In a way it can be said that nature works for all 2 7 1 1 codon composition but selects few for apt stability, abundance and translation regulation hence, codon 1 optimization comes into the picture. 
Conclusion:
3
Although biased usage of codons and high mRNA stability was long thought to be associated with elevated 4 gene expression levels in the natural system, our results suggest that if any deviation is introduced to 5 manipulate the naturally occurring codon composition, the gene expression always becomes reduced. The 6 results show that even under the high stability and narrow selection of codon pool does not suffice for the 7 appropriate selection for gene expression level, which is accounted from earlier studies. Additionally, our 8 study also encompasses the positional bias of codons. We showed that even under native codon usage 9 pattern there is selection for the most stable mRNA secondary structure. The results suggest a harmonious 1 0 articulation of trio, i.e., codon composition, mRNA secondary structure stability, and mRNA abundance.
Our study here confirms that the existent codon composition has not a mere influence of translational compositions of the genome. The ENC values for each class is also shown here. Legends to the figures: 1 Fig. 1 . Average Codon adaptation indices (CAI) of Saccharomyces cerevisiae mRNAs in wild-type and 2 the same generated computationally by different levels of codon compositions (mutants). The X-axis 3 represents the ENC value for each group. The Y-axis represents the average CAI values for each group.
4
The red dot represents the CAI and ENC in the wild type. Blue dots represent corresponding ENC and CAI 5 values in mutants with different levels of codon composition. Codon usage bias on mRNA expression level. 
